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METHOD AND APPARATUS FOR MEASUREMENT 
OF GROUP DELAY 

FIELD OF THE INVENTION 

5 The invention relates generally to the field of optical telecommunication and, 

more specifically, to the characterization of optical devices. 

BACKGROUND OF THE INVENTION 

The linear propagation of light in a medium is typically dependent upon the 

10 wavelength of the photons being propagated through the medium since the 
various interactions between the medium (typically the atoms that constitute the 
medium) and the photons are wavelength dependent. An example of such 
wavelength dependence is where the index of refraction of a medium is a function 
of the wavelength such that the phase accumulated via propagation is wavelength 

15 dependent. Such chromatic dispersion results in different optical frequencies (or 
wavelengths) in a pulse traveling at different speeds. Therefore, the shape of the 
pulse propagating in a dispersive medium changes. 

Chromatic dispersion can be an important source of impairment in an 
optical telecommunication system, and must therefore be properly characterized in 

20 order to be compensated for. For example, chromatic dispersion can cause 

successive pulses in a communication channel to overlap, degrading the quality of 
the recovery of the information carried by the pulses. 

A variety of approaches for characterizing chromatic dispersion are known 
in the art. Test-plus-reference spectral interferometry is one approach which 

25 directly measures the phase difference between a pulse transmitted along a test 
path (i.e. through a device under test) and a reference path. Such an approach 
may be accurate for short devices but can not be applied to long devices, such as 
the fiber spans that constitute optical networks. Also, the requirement of a 
reference path without dispersion precludes the characterization of installed fiber 
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spans. 

Other approaches use RF phase-shift techniques to determine the phase- 
shift induced by propagation in a device using an intensity-modulated narrow-band 
source. Such techniques are typically accurate, however, they cannot be used to 
5 characterize a large range of dispersions with the same setup, and they 
sometimes require a reference path. 

Still other approaches employ optical time-of-flight techniques to obtain the 
group delay from the propagation time of short pulses at various optical 
frequencies. These approaches suffer from accuracy and resolution problems, 
10 since the frequency and time resolutions are inversely proportional. Practically, it 
is desirable to have the ability to measure both large and small dispersions, to 
perform self-referencing measurement without a reference path and to 
characterize devices with high insertion losses. 

15 SUMMARY OF THE INVENTION 

These and other deficiencies of the prior art are addressed by the present 
invention which provides a method and apparatus for determining the group delay 
of a device under test (i.e., a test device). 

In one embodiment of a method according to the present invention, the 

20 group delay of a device under test is obtained by propagating light into a test 
device and an interferometer, measuring the resulting spectral and temporal 
intensities and determining the group delay using the temporal and spectral 
intensity measurements. The light can be in the form of one or more pulses, and 
may be generated by, for example, a laser or a broadband source. 

25 One embodiment of an apparatus according to the invention includes an 

interferometer, a means for measuring the spectral and temporal intensities of one 
or more pulses propagated through the interferometer and a test device, and a 
means for determining the group delay of the test device using the measured 
spectral and temporal intensities. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The foregoing and other objects, features and advantages of the present 
invention will beconae more apparent from the following detailed description when 
5 taken in conjunction with the appended drawings. 

It is to be noted, however, that the appended drawings illustrate only 
exemplary embodiments of the invention and are therefore not to be considered 
limiting of the scope of the invention. 

FIG. 1 is a block diagram illustrating one embodiment of an apparatus in 
1 0 accordance with the present invention; 

FIGS. 2a-b are graphs illustrating temporal intensity measured after 
propagation through a device under test and an interferometer; 

FIG. 3 is a graph showing the Fourier transform of the temporal intensity 
measured after propagation through a device under test and an interferometer; 
15 FIGS. 4a-b are graphs showing the spectral intensity measured after 

propagation through a device under test and an interferometer; 

FIG. 5 is a graph showing the Fourier transform of the spectral intensity 
measured after propagation through a device under test and a interferometer; 

FIG. 6 is a graph illustrating the group delay of a device under test; 
20 FIG. 7 is a block diagram illustrating another embodiment of an apparatus in 

accordance with the present invention; 

FIG. 8 is a block diagram illustrating yet another embodiment of an 
apparatus in accordance with the present invention; 

FIG. 9 is a block diagram illustrating still another embodiment of the 
25 apparatus in accordance with the present invention; and 

FIG. 10 is a block diagram showing yet another embodiment of an 
apparatus in accordance with the present invention. 
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DETAILED DESCRIPTION 

A method and apparatus for measuring the group delay of a device are 
described. One or more aspects of the invention relate to the use of temporal and 
spectral interferometry on a pulse of light after propagation into a device under test 
5 (i.e., test device). The group delay of a test device is determined over the optical 
bandwidth of the pulse using the measured temporal and spectral intensities. 
Although the present invention will be described within the context of a diagnostic 
system for use in the optical communication environment, those skilled in the art 
will appreciate that the present invention may be advantageously implemented in 

1 0 substantially any application where it is desirable to characterize chromatic 
dispersion and/or determine a group delay. 

FIG. 1 shows one embodiment of an apparatus according to the present 
invention for obtaining group delay of a device under test 101 (shown in phantom). 
An optical source 100 preferably provides one or more pulses that are sent into 

1 5 the device under test 1 01 . Noting the electric field of the pulse before propagation 
as £(/) and £(^y) and after propagation as£'(/) and £•(«), and using the stationary 
phase approximation, the temporal field after propagation can be written as 



E' (0 = ^Ijt-i-Q'it) ■ E[Q{t)]- exp 



ij{^{t')dt' 



(1) 



where Q(0 is the instantaneous frequency at time t defined as the 
20 reciprocal of the group delay, i.e. Q[7'(<a)]= » . The group delay of the test device 
101 is characterized by the function r(«). The group delay r is accurately 
measured as a function of the optical frequency a using the principles of the 
present invention. 

After propagation into the device under test 101 , the pulses are preferably 
25 propagated through an interferometer 102. Those skilled in the art will appreciate 
that any optical device providing two replicas of the input pulse separated by a 
delay can be used to implement the interferometer 102 in accordance with the 
present invention. Typical interferometers suitable for implementation in 
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embodiments of the present invention include a free-space or waveguide Mach- 
Zehnder or Michelson interferometers. 

As both the interferometer 102 and the device under test 101 are time- 
stationary, it can be appreciated by those skilled in the art that their order is 
5 reversible, i.e., the present invention can be implemented by first propagating one 
or more pulses into the device under test 101 and then into the interferometer 102, 
or by first propagating one or more pulses into the interferometer 102 and into the 
device under test 101 (as shown in FIG. 7 and discussed below). The 
interferometer preferably generates two replicas of the dispersed pulse separated 
1 0 by the delay r , i.e. the field E"(t) = E'(t) + E'(t~T). Temporal and spectral 

intensity measurements are preferably performed on the light at the output of the 
interferometer 102 using a temporal intensity analyzer 103 and a spectral intensity 
analyzer 104. 

The temporal and spectral intensity measurements are then used by a 
1 5 processor 1 05 to determine the group delay of the device under test 101. The 
processor 105 may be any integrated or stand alone device capable of 
determining the group delay of the device under test 101. Those skilled in the art 
will appreciate that the analyzer 103 can be any diagnostic device that can 
measure the energy as a function of time with sufficient time resolution. Such an 
20 analyzer can be, for example, a fast photodetector followed by an electronic 

sampling scope (not shown). Alternatively, a nonlinear cross-correlation setup can 
be employed, where the pulse after propagation in the device under test 101 and 
the interferometer 102 is mixed with a short optical pulse in a nonlinear crystal (not 
shown). In such a case, the temporal intensity may be obtained as the power of 
25 the signal generated from the nonlinear interaction as a function of the delay 

between the short optical pulse and the pulse after propagation in the device under 
test 101 and the interferometer 102. 

It is noted that the measured temporal intensity is preferably the temporal 
intensity averaged over all, or a statistically representative number of, the pulses 
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propagated through the test device 101. If a single pulse is propagated through 
the test device 101 , the measured temporal intensity is the temporal intensity after 
propagation through the device under test 101 and the interferometer 102 for this 
single pulse. If identical short pulses are propagated through the test device 101 , 

5 the electric fields of all the pulses are identical at all points in the setup, and the 
temporal intensity is preferably measured after propagation in the device under 
test 101 and the interferometer 102. If a plurality of optical pulses, possibly non- 
identical pulses, are propagated, the temporal intensity, measured after 
propagation in the device under test 101 and the interferometer 102, is preferably 

10 the average of the temporal intensities. This, for example, is the case when the 
pulse source is a broadband incoherent source, such as a source of amplified 
spontaneous emission, followed by a temporal modulator. In this case, each pulse 
has a different electric field, and therefore the temporal intensities after 
propagation in the interferometer 102 and the device under test 101 are different. 

1 5 However, the temporal intensity measurement averages over a statistically 

significant number of pulses. Averaging from the temporal intensity analyzer may 

be needed in order to obtain statistically significant quantities. 

The temporal intensity can be written as (dropping some proportionality constants): 



^n\t) n\t~T) ■ £[n(o] • £ * [no - 



r • (0 = Q' (0/[n(0]+ n' (f - r)/[n(/ - r)]+ 2ReaI - 
20 (2) 

The simplification jdt'n{t') « r Q(f-^) , based on the assumption that r is chosen 

so that the instantaneous frequency does not change significantly in the dispersed 
pulse in any time interval [t-T,t], was used. The same assumption is made for the 

derivative of the instantaneous frequency, so that yjQ:{t)n\t-T) = Q'{t-^). Also, it 

25 can be expected that the spectral phase variations of the initial pulse are supposed 
to be small compared to the phase variation induced by the device under test 101 , 
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so that E[n(t)] r[Q(t-T)]= |Q(f-|)J . Equation (2) can then be written as 

/" (0 = n- it)l[mh ^'(t - M^it - 0]+ 2Real|^Q'0 - ■ /["O -I) j • exp|^- h ■ Q(^ - |)j j (3) 

The first and second terms in Equation 3 are the slowly varying temporal 
intensities of each individual pulse after the device under test. The third term, i.e. 
5 the interferometric component, leads to quickly varying fringes (shown in FIG. 2). A 
rule of thumb, considering only the second order dispersion of the device, is 

that the period of these fringes is . The delay r is preferably chosen so that 

the period of the fringes is larger than the temporal resolution of the detection 
system. 

10 Various techniques can be used to extract the interferometric component 

from the measured temporal intensity. Preferably, numerical Fourier processing 
techniques are used. Fourier transforming the interferogram separates the 
measured intensity into DC components (i.e. the Fourier Transform of the first and 
second term of Equation 2) and two symmetric sidebands (shown in FIG. 3). One 

1 5 of the sidebands (for example, the sideband indicated by an arrow on FIG. 3) is 
filtered by multiplication with a rectangular filter, and an inverse Fourier transform 

leads to n- a - 1) • i{Q.{t - ^)) • expj^i t Q.{t- 1) j . The phase of the interferometric 

component, retrieved up to an arbitrary constant written as -r-a^, is then 

r j^n(r-^)-<»o j . It is noted that accurate determination of the two constants r and 

20 is important in determining the group delay of the device under test 101. In 
one preferred embodiment, the determination of the two constants t and co^ is 
preferably performed in the teaching of the present invention by measuring the 
spectral intensity of the light after the interferometer 102 with a spectral intensity 
analyzer 104. Such analysis can be performed using, for example, an optical 

25 spectrum analyzer, a tunable Fabry-Perot etalon followed by a photodiode or using 
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the concept of Fourier-Transform spectrometry. 

Further, one skilled in the art will appreciate that the spectral analysis can be 
performed using any frequency-resolving diagnostic device with sufficient spectral 
resolution, or the like. 

5 The spectrum of the light after propagation into the device under test 101 and 

the interferometer 102 shown in FIG. 4 can be written as 

/"(») = |£(<»)+£(ffl)-exp(/fln-)|^ =2/(ft»)[l + cos(fin-)] (4) 

The interferometric component /(ffl) exp(ifl)r) leads to quickly varying fringes with 
period of — . Various techniques can be used to extract the interferometric 

10 component from the measured spectral intensity. Preferably, numerical Fourier 
processing techniques are used. More precisely, the Fourier transform of the 
interferogram (shown in FIG. 5) is calculated. One of the sidebands (for example, 
the sideband indicated by an arrow on FIG. 5) is extracted and the Fourier 
transform of the filtered sideband is taken and yields /(fi;) exp(/tyr) . A linear fit of the 

15 extracted phase yields r while the extracted amplitude, i.e. the spectral intensity 
I{6)) , is compared to the amplitude of the temporal interferometric component, 

/(f2a-|)) to get . The instantaneous frequency can thus be obtained as a 

function of time n(0 . The group delay of the device under test 1 01 is preferably 
obtained by taking the reciprocal of that function, i.e. the time as a function of the 
20 instantaneous frequency (shown in FIG. 6). Using the fraction defining the group 
delay of r{©), the chromatic dispersion of the device under test 101 can be 
determined. 

As in the case of the temporal intensity, it is noted that the measured 
spectral intensity is preferably the spectral intensity averaged over all, or a 
25 statistically representative number of, the pulses propagated through the test 
device 101 . If a single pulse is propagated through the test device 101 , the 
measured spectral intensity is the spectral intensity after propagation through the 
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device under test and the interferometer for this single pulse. If short pulses are 
propagated through the test device 1 01 , the electric fields of all the pulses are 
identical at all points in the setup, and the spectral intensity is preferably measured 
after propagation in the device under test and the interferometer. If a plurality of 
5 optical pulses, possibly non-identical pulses, are propagated through the test 
device 101, the spectral intensity, measured after propagation in the device under 
test 101 and the interferometer 102, is preferably the average of the spectral 
intensities. This, for example, is the case when the pulse source is a broadband 
incoherent source, such as a source of amplified spontaneous emission, followed 

10 by a temporal modulator. In this case, each pulse has a different electric field, and 
therefore the spectral intensities after propagation in the interferometer 102 and 
the device under test 101 are different. However, the spectral intensity 
measurement averages over a statistically significant number of pulses. As 
mentioned previously, averaging from the spectral intensity analyzer may be 

1 5 needed in order to obtain statistically significant quantities. 

The spectral and temporal intensities can be measured in any order (i.e., 
first the measurement of the spectral intensity and second the measurement of the 
temporal intensity, or first the measurement of the temporal intensity and second 
the measurement of the spectral intensity). 

20 The spectral and temporal intensities can also be measured simultaneously 

using, for example, a coupler (not shown) after the interferometer 102 and the 
device under test 101 in order to split the light between the apparatus that 
measures the temporal intensity and the apparatus that measures the spectral 
intensity. Alternatively, the measurement of the temporal intensity can be done on 

25 one of the outputs of the interferometer 1 02 (if two outputs are available) while the 
measurement of the spectral intensity is performed on the other output. 

The present invention therefore provides for effective measurement of the 
group delay of a device under test. Preferred embodiments use the well-known 
accuracy of interferometry in the spectral and temporal domain. Fringe-encoding 
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and Fourier processing are preferably employed to substantially remove the effect 
of some or all sources of noise and distortion. 

When using a sampling oscilloscope as the temporal intensity analyzer 103, 
the time-base has improved resolution and is accurate even for long delays, thus 
5 enabling the accurate measurement of large group delays. The method and 
apparatus of the invention are self-referencing in that it does not require a 
separate reference path, and can therefore be used to characterize installed fiber 
spans. 

The method and apparatus of the present invention can also be applied to 

10 the characterization of the group delay of several modes of a device under test. A 
typical example of a device with different propagation modes is a multimode fiber. 
The fibers used for transmission of information are usually single-mode structures. 
However, one can use fibers with several modes as dispersion compensating 
devices. These devices are called 'high order modes dispersion compensating 

1 5 modules'. Prior art chromatic dispersion measurement techniques tend to fail 
when they are applied to multimode structures. However, embodiments of the 
method and apparatus of the present invention can also be applied to multimode 
structures. In such embodiments, one or more pulses are propagated into various 
modes of a device under test and into an interferometer. The temporal and 

20 spectral intensities of the one or more pulses are measured, and the group delay 
of the modes of a multimode device is determined. 

Since various modes of the device under test have different group delays in 
the structure, the respective contribution of the modes of the device to the 
measured temporal intensity can be separated either directly based on the 

25 measured temporal intensity or based on the Fourier transform of the measured 
temporal intensity. It Is noted that the measured spectral intensity does not 
depend upon the number of modes or their respective group delays, so that no 
separation of the contribution of each mode is needed in the spectral domain. 
Therefore, the characterization of the group delay of the modes of a multimode 
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structure can be characterized using the method and apparatus according to the 
invention. 

As discussed above, FIG. 7 depicts another embodiment of the present 
invention. As can be seen in FIG. 7, one or more pulses from an optical source 
5 700 are propagated into an interferometer 701 and then into a device under test 
702. The temporal and spectral intensities are measured respectively with a 
temporal intensity analyzer 703 and a spectral intensity analyzer 704. The 
interferometric components are extracted from the measured temporal and 
spectral intensities, and the group delay of the device under test 702 is obtained 

10 by processor 705. 

FIG. 8 illustrates yet another embodiment of the present invention wherein a 
short optical pulse source 800 is employed as an optical source of one or more 
pulses for propagation through the device under test 802 and the interferometer 
802. Such a pulse source 800 can, for example, be a mode-locked laser or a 

1 5 monochromatic laser followed by a temporal modulator (not shown). The one or 
more pulses from the pulse source 800 are propagated through the device under 
test 801 and the interferometer 802. Temporal and spectral intensity analyses are 
performed respectively with a temporal intensity analyzer 803 and a spectral 
intensity analyzer 804, The temporal intensity of the light after propagation is: 



20 



;xp|-/ Jq 



/■ • (0 = Q' it)l[Q(t)]+ O' (t - r)/[n(/ - r)]+ 2Real -^n'(/)-fi'(/-r) • £[n(0]- E* - r)] • exp - /' ]Q{t' )dt 

and can be simplified as: 
The spectral intensity of light after propagation is: 

25 /"(») = |£(io) + £(fi))exp(/fi;r)|^ =2-/(fi>)-[l + cos(fln-)] 

The interferometric component in the temporal intensity and spectral 
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intensity are preferably then extracted and the group delay of the device under test 
801 is calculated using processor 805. As discussed above with reference to other 
embodinnents, the order of the device under test 801 and the interferometer 802 is 
reversible. Also, the order in which the temporal and spectral intensities are 
5 measured can be varied, and/or the two quantities can be measured 
simultaneously. 

FIG. 9 depicts still another embodiment of the present invention using a 
broadband source of light 900 temporally gated by a modulator 901 . The 
broadband source of light 900 can, for example, be an amplified spontaneous 

10 emission source. The modulator 901 is preferably a temporal modulator. In such 
a case, the electric field of the various pulses are different because of the lack of 
temporal coherence of the broadband source 900. However, all spectral and 
temporal intensities that are used in accordance with the present invention are 
preferably defined as averages of the temporal intensities over a statistically 

1 5 significant number of pulses from the source 900. As discussed above with 

reference to other embodiments, the pulses generated from the broadband source 
900 after temporal gating are propagated through the device under test 902 and 
an interferometer 903. The temporal and spectral intensity of light after the device 
under test 902 and the interferometer 903 are measured respectively with a 

20 temporal intensity analyzer 904 and spectral intensity analyzer 905. The temporal 
intensity of the light after propagation is: 




and can be simplified as: 



25 



/"(/) = n'(0/[n(0]+n'('-O/N 




The spectral intensity of light after propagation is: 

/' ' (co) = |£(ta) + £(<a) ■ exp(/tyr)p = 2 • /(<») • [l + cos(£wr)] 
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The interferometric component in the temporal intensity and spectral 
intensity are preferably then extracted, and the group delay of the device under 
test 901 is calculated using processor 906. As discussed above with reference to 
other embodiments, the order of the device under test 901 and the interferometer 
5 902 is reversible. Also, the order in which the temporal and spectral intensities are 
measured can be varied, and/or the two quantities can be measured 
simultaneously. 

FIG. 10 depicts yet another embodiment of the present invention using a 
source of chirped optical pulses 1000. It is understood that the accuracy of the 

1 0 measurement of the group delay of some devices may be enhanced by using 
optical pulses with initial chirp (i.e., known group delay). The source of chirped 
optical pulses 1000 is preferably implemented by propagating short optical pulses 
into a dispersive element (e.g. an optical fiber, not shown). Alternatively, a 
frequency-swept tunable semiconductor laser may be used as the source of 

15 chirped optical pulses 1000. Such a source is preferably driven so that the optical 
frequency of the output changes as a function of time, i.e. the group delay in the 
output pulse is a function of the optical frequency rso(/«c/;M • Those skilled in the 
art will recognize that the electric field of such a pulse is effectively the same as 
the pulse obtained by propagation of a short optical pulse into a dispersive 

20 element characterized by the group delay Tsource^(o) • Preferably, one or more 
optical pulses are propagated through the device under test 1001 and an 
interferometer 1002, and the temporal and spectral intensities of the resulting 
pulses are measured respectively with a temporal intensity analyzer 1003 and a 
spectral intensity analyzer 1004. The measured group delay is calculated as the 

25 sum of the initial group delay of the pulses TsourcfXo^) and the group delay of the 
device under test t^evice^'^) ■ The group delay of the device under test Td^vicpAco) is 
preferably determined by the processor 1005 by subtracting the group delay of the 
source TsouRcr^(») from the measured group delay Ts()uiia.(.o))+Ti„;yia;ia)) . The group 
delay of the source may be known from the theory of the operation of the optical 
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source or from the knowledge of the dispersive element, or set of elements, that is 
used to add the group delay on the initial pulses. The group delay of the chirped 
source 1000 can also be obtained using the principles of the present invention. 
Specifically, the pulses from the chirped source 1000 can be sent into an 
5 interferometer, and the temporal and spectral intensities can be measured. The 
group delay TsouRcsi^) is obtained as discussed above with reference to other 
embodiments. The order of the device under test 1001 and the interferometer 
1002 is reversible. Also, the order in which the temporal and spectral intensities 
are measured can be varied and/or the two quantities would be measured 

10 simultaneously. 

Although the invention has been described with reference to illustrative 
embodiments, this description should not be construed in a limiting sense. Various 
modifications of the described embodiments, as well as other embodiments of the 
invention, which are apparent to persons skilled in the art to which the invention 

15 pertains, are deemed to lie within the principle and scope of the invention as 
expressed in the following claims. 

Although the steps in the following method claims are recited in a particular 
sequence, unless the claim recitations othenA/ise imply a particular sequence for 
implementing some or all of those steps, those steps are not necessarily intended 

20 to be limited to being implemented In that particular sequence. 
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